A B S T R A C T Insulin linding, glucose tratnsport, awndl glucose oxidation were studied in isolated adipocytes obtained from fasting rats. Fasting led to an inicrease in the overall binding affinity for insulini, wlhile the numiiber of receptor sites per cell remainiedl constanit. Glucose oxidation was markedly attenuated during fasting. Basal rates of oxidation decreased 1)w about 50%, while insulin-stimulated rates decreased 6 to 10-fold. Glucose transport was assessed by measturinig initial uiptake rates of 2-deoxy-glucose. Fatstinig led to a 40-50% decrease in the apparent miaximiial transpoit capacity (Vmax) of 2-deoxy-glucose uptaike with no change in apparent K,,. A progressive decrease in basal and insulin-stimulated rates of 2-deoxy-glucose uptake was seen from 24-72 h of starvation anld a significant correlation (r = 0.85, P < 0.001) existed between basal and maximiial insulin-stimllulated uptake rates in individual animals. When 2-deoxy-glucose uptake was plotted as a function of insulini bound, due to the decrease in mnaximal uptake capacity, cells from fasting animals took up less hexose for any acmount of insulin bound. When the insulin bound was plotted as a function of the percent instlin effect on uptake, control cells and cells from 24-hfasted rats gave comparable results, while cells from 48-and 72-h-fasted animals still took Up less hexose for any amount of bound insulin. The effects of fasting on 3-0-methyl glucose uptake were comparable to the 2-deoxy-gltucose data. In conclusion: (a) 
INTRODUCTION
Fastinig has profouind effects on in vivo glutcose metabolisimi, restultinig in a state of glucose intolerance often called "starvation diabetes" (1) . This state is chiaracterized b1 atteitmated insulin atction (2) , and cani thuis be considered as a state of instulin resistianice. At the celltular level, tissues from fastinig ainimilals (lisplay decreased basal rates of gltucose oxidation and a mlarked decrease in the ability of instulin to promote gltucose conversion to CO2 (3) . At first glance the above in vivo and in vitro observations appear consistent. However, glucose oxidation is at relatively distal effect of instulin action, and to understandi more fuilly the alterations of insulin action at the cellutlar level in fasting, additional information is necessar) concerning other (and earlier) aspects of gltucose metabolism. To complicate the pictture fturther, it has been demonstrated that fasting leads to an increase in insuilin binding to insulin target tisstues (4, 5) , and since binding to receptors represents the initial step of insulin's action, one might anticipate an increase rather than a decrease in insulin's effects on cells (3 mg/ml) and albumin (40 mg/ml), by the method of Rodbell (10) . Cells were then filtered through 250-,um nylon mesh, centrifuged at 400 rpm for 4 min, and washed twice in buffer (4) . Adipocyte counts were performed according to a modification of method III of Hirsch and Gallian (11) , in which the cells were fixed in 2% osmium tetroxide in 0.05 M collidine buffer (made isotonic with saline) for 24 h at 370C and then taken up in a known volume of 0.154 M NaCl for counting with a Celluscope Model 112H particle counter with a 400-,im aperture (Particle Data, Inc., Elmhurst, Ill.). Adipocyte size was determined with a calibrated microscope by the method of Di Girolamo (12) .
Iodination of insulin. lII-insulin was prepared at a specific activity of 100-150 ,uCi/,ug according to Freychet et al's. modification (13) of the method of Hunter and Greenwood (14) , as previously described (15) .
Binditng studies. Isolated fat cells were suspended in a buffer containing 35 mM Tris, 120 mM NaCl, 1.2 mM MgSO4, 2.5 mM KCl, 10 mM glucose, 1 mM EDTA, 1% bovine serum albumin (16) , pH 7.6, and incubated with '25I-insulin and unlabeled insulin in plastic flasks in a 240C shaking water bath as previously described (4, 17, 18) . Optimal steady-state binding conditions are achieved at 240C after 45 min of incubation (4, 18) . The incubations were terrninated as described by Gammeltoft and Gliemann (8) Glucose oxidation studies. The ability of adipocytes to oxidize glucose was determined according to the method of Rodbell (10) . Unless otherwise stated, adipocytes were incubated at 37°C with [1-_4C] glucose at a total glucose concentration of 2 mM in Krebs-Ringer bicarbonate buffer, pH 7.4, containing bovine serum albumin (40 mg/ml). After 1 h ofincubation, the generated '4CO2 was collected and counted in a liquid scintillation counter.
Glucose transport studies. Transport studies used the same cell centrifugation technique as the binding studies and the details ofthis method have been previously described (6, 9 Insulin Bound (p mol X 107) FIGURE 2 Scatchard plots (22) of the insulin binding data for control (A), 24-h (A), 48-h (0), and 72-h (-) fasted rats. The ratio of bound to free hormone (B/F) is on the ordinate, and bound hormone is on the abscissa. tion increases is greater for the fasting groups, and the curves converge at the higher insulin concentrations. This suggests that the cells from the fasting animals have a higher overall affinity for insulin than the cells from controls, but have the same number of receptors. This is also seen in Fig. 1B , which shows that at the lower (and physiologic) insulin concentrations, cells from fasting rats bind more insulin, whereas at the highest insulin concentration the amount bound is comparable for all four groups. This point is made clearer by examining the Scatchard plots (22) of the binding data, as seen in Fig. 2 . Although it is difficult to calculate the exact binding affinity from curvilinear Scatchard plots (23, 24) , the generally steeper slopes of the curves from the fasting animals indicate that the overall binding affinity is greater than for control cells. Furthermore, the horizontal intercepts of the terminal slopes of these plots represent the total number of receptor sites present, and therefore, the data in Fig. 2 demonstrate that all four groups of cells have approximately the same number of receptor sites per cell. This indicates that the increased insulin binding seen in Fig. 1 (at the insulin concentrations < 100 ng/ml) is due to increased affinity of the receptor for insulin.
However, others have shown that cells from fasted animals are relatively insensitive to insulin and, as a first approximation, this does not seem consistent with increased insulin binding to these cells. Therefore, the following series of studies were designed to investigate the effects of fasting on glucose 
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Glucose Concentration (mM) Calculations are derived from the data in Fig. 3 and represent the rate of glucose oxidation in the presence of a maximally effective insulin level (25 ng/ml) divided by the rate of oxidation in the basal state x 100. metabolism and the relationship between insulin binding and insulin's biologic effects in adipocytes from control and fasting animals. Glucose oxidation studies. Glucose oxidation was studied at increasing media glucose concentrations in the presence and absence of maximally effective insulin levels (25 ng/ml) with cells from control, 48-, and 72-h-fasted animals. The results are seen in Fig. 3 . After 2 days of fasting, basal rates (absence of insulin) of glucose oxidation are significantly decreased, compared to controls, at all glucose concentrations. In the presence of insulin, 2 days of fasting also leads to a marked decrease in maximally insulin-stimulated rates of oxidation at all glucose concentrations. Since both basal and maximal-insulin stimulated rates of glucose oxidation decrease, it is of interest to examine the percent increase in oxidation due to insulin. If the data are analyzed as percent increase, differences between control and 2-day-fasted animals are still apparent, although they are not as marked (Table  II) . After 3 days of fasting, no further decrease in basal glucose oxidation occurs, but a further marked attenuation of insulin-stimulated oxidation is seen.
Since basal glucose oxidation does not decline further, the decrease in insulin response is marked even when the data are analyzed as percent increase in glucose oxidation due to insulin (Table II) . However, this does not necessarily mean that the cells have become resistant to insulin, since the data indicate that the major effect of fasting on glucose oxidation is to markedly inhibit the intrinsic capacity of the cells to metabolize glucose. Thus, cellular insulin resistance should be subdivided into situations in which receptor function is altered or in which effector function is altered, and the data in Fig. 3 point to a defect in the effector systems of glucose metabolism.
To examine more fully the insulin responsiveness of adipocytes from fasted rats, glucose oxidation was studied at a single glucose concentration (2 mM) but a variety of insulin levels. These insulin dose-response Effects of Fasting on Insulin Receptors and Glucose Transport 1( curves are seen in Fig. 4 . Again, one can see that absolute rates of glucose oxidation are decreased in the basal state, and at all insuliin coneeintrations with fasting. Furithermllore, sinee maximallcv effective insulin levels do not overcome this defect in glucose oxidation, the lesioni is in the effector system. However, increases in glucose oxidation represent a rather distal effect of insulin and aIre probal)ly mediated via insulin's separate effects on gltucose traInsport as well as intracellutlar glucose metabolism (6) . Therefore, to understand furither the effects of fasting on glucose metabolism, aindl to define better the relationship between insulinl receptors and insulin action, glucose transport was sttidied in cells from fasting and contr-ol animlals.
Glucose tratnsport stuidies. 2-Deoxy glucose was used to assess glucose transport (6, 9, (25) (26) (27) (28) at inereasing 2-deoxy glucose concentrations with cells from control anid 48-h-fatsted rats. Incubations were performiied in the presence and absence of maximally effective insulini levels (25 ng/mi), aind the results are seen in Fig. 5 . Fastinig leads to a strikinig decrease in blasal rates of 2-deoxy-glucose uptake, atnd this decrease is comparable at all hexose concentrations. Insulin does not overcome this decrease, aind simiiilar differences exist at a maximially effective instulini level. The shape of all fotir cWurves in Fig. 5 suggests two uptake components: a saturable comiiponent seen at 2-deoxy-glucose concentrations less than 5 mM, and a nonsaturable, linear component seen at higher sugar concentrations. This phenomiienioni h1ias been previously described for 2-deoxy-glucose uptake by other cell systems (25) (26) (27) (28) observations in isolated adipocytes (6, 9) . It is likely that the nonsaturable componeint represents simple inward diffusion of labeled hexose (6, 9, (25) (26) (27) (28) , and the data caii be cor-rected for this diffuLsion componieint by subtracting the contribution of this linear process:t When these corrected data are submitted to Lineweaver-Burk analysis, apparent K,,, and V,,,,x vallues cani be calculated. With this approach (Table III) , the apparent K,,, of 2-deoxy-glucose uptake is compiarable in both groups of cells in the presence or absence of insulini (2.5-3.0 Furthermore, other agents that stimulate glucose transport (cysteine and spermidine) cannot stimulate 2-deoxy-glucose uptake to the same absolute rate in cells from fasting animals compared to controls2 and thus, the observed decreases in Vmax relate to de- ' The slope of the diffusion process is less for cells from fasting animals than for control cells, and it is possible that this could be related to changes in membrane permeability as a result of the decrease in cell volume during fasting. 2 Unpublished observations. creases in transport system capacity and are not unique to the insulin-stimulatory mechanism. The effects of fasting on glucose transport were always proportional in the basal and maximal insulinstimulated state, and this is emphasized in Fig. 6 . In this figure, 2-deoxy-glucose uptake was assessed at very low hexose concentrations (0.125 mM) in the absence (basal) and presence of maximally effective insulin levels (25 ng/ml). Animals were fasted for 24, 48, and 72 h and all of the individual data are plotted. A highly significant positive correlation (Fig. 6 , r = 0.85, P < 0.001) exists between basal and maximal insulin-stimulated glucose uptake, demonstrating that under these circumstances the ability of insulin to promote 2-deoxy-glucose uptake is proportional to the rate of basal uptake. Furthermore, if weight loss is used as a. measure of negative caloric balance, similar and highly significant correlations exist between the loss of weight during fasting and the decrease in basal (r =,0.72, P < 0.001) and insulin-stimulated (r = 0.78, P < 0.001) rates of 2-deoxy-glucose uptake.
Evaluation of the insulin responsiveness of these cells is fuirther complicated by the fact that maximal insulin stimulation of glucose metabolism occurs when only a small fraction of adipocyte insulin receptors are occupied. Thus, the relationship between the receptors for insulin and the effector systems are best studied at insulin concentrations that occupy less than the number of receptors needed for maximal responses to insulin and thus, elicit submaximal insulin effects. These data are seen in Fig. 7A , which summarizes the insulin 2-deoxy-glucose uptake response curves for control, 24 -, 48-, and 72-h-fasted rats. These data demonstrate that 2-deoxy-glucose uptake is decreased at all insulin levels, and that this decrease is progressive with the degree of fasting. However, the decreases in absolute rates of 2-deoxyglucose uptake are due to decreases in the capacity (V.a,) of the glucose transport system, and are not necessarily related to a defect in the ability of insulin to stimulate this process. Therefore, since the basal rates of uptake also decrease with fasting, and since the basal and insulin-stimulated uptake rates are pro- Insulin Concentration (ng/mI) FIGURE 7A Effect of insulin concentration on 2-deoxyglucose uptake by cells from control (A), 24-h (0), 48-h (0), and 72-h (-) fasted animals. Data represent the mean of 15, 7, 10, and 12 separate experiments, respectively. B. The 2-deoxy-glucose uptake data are plotted as percent increase above basal (total uptake rate . basal uptake rate). Brackets represent +SE and data from 24-h-fasted rats are significantly different from control at all insulin concentrations under 1 ng/ml. C. The uptake data plotted as percent of the maximal insulin effect. This is calculated by dividing the increment in 2-deoxy-glucose uptake (absolute value -basal) at the indicated insulin concentration by the maximum increment in uptake (at 25 ng/ml) (9 Fig. 9 . The data in Fig. 9A show that adipocytes from fasted animals must bind more insulin to achieve a given insulin effect on 2-deoxy-glucose uiptake as comppared to control cells, but that due to the decrease in the capacity of the glucose transport system, the absolute magnittude of this effect is less than for control cells. In this sense, coupling between occupied insulin receptors and the glucose transport system is altered by fasting. However, since the absolute capacity of the transport system is decreased in fasting (decreased V,5,,), insulin (or anxother stimulus) will be unable to increase uptake to levels seen in control cells and this would be unrelated to the interaction between occupied insulin receptors and glucose t-ransport uinits. In Fig. 9B the decrease in transport capacity is taken inito account, and the data are analyzed as percent of the maximal insulin effect.3 It can be seen that cells from control and 24-hfasted rats must bind the same amount of insulin to achieve the same percent insulin effect, and the amount bound at the maximal insulin effect represents a fractional receptor saturation of 10-14%. This is a reflection of the left shift in the data from the 24-hfasted rats as seen in Fig. 7B and C. On the other hand, cells from the 48-and 72-h-fasted animals must bind about twice as much insulin as control cells to achieve the same percent insulin effect (note log scale on abscissa), while the amount bound at the maximal insulin effect represents a fractional receptor saturation of 14-18%. At higher insulin concentrations (>100 3 This analysis would show the same relationships if the data were calculated as percent increase above basal (see ng/ml) all groups of cells bind the same amount of insulin, but maximal insulin action occurs when only 10-18% of all available receptors are occupied (insulin concentrations -5 ng/ml) and at these low insulin concentrations, control cells bind less insulin than cells from fasting animals (Fig. 1) . Thus, with this analysis the relationship (coupling) between occupied insulin receptors and glucose transport is only impeded by more than 24 h of fasting. These findings are further quantitated in Table IV , which gives the number of insulin molecules that must bind to cells from fasting and control animals to achieve a half-maximal effect on 2-deoxy-glucose uptake. 48 and 72 h of fasting leads to an 87 and 112% increase in the amount of insulin that must be bound to half-maximally stimulate uptake, whereas the amount bound to achieve half-maximal stimulation is comparable for cells from control and 24-h-fasted animals.
Effects of a milder degree of caloric deprivation. Fasting is a rather drastic state of negative caloric balance, which thus can only be carried out for relatively brief periods (72h), and affects both insulin binding and glucose transport. As suggested by the data from the 24-h-fasted animals, it seemed possible that milder but more prolonged caloric deprivation might elicit subtler changes in the insulin receptor-effector system, and might lead to changes in either insulin receptors or glucose transport systems alone. Thus, a group of rats were maintained on an average of 12 g of food/day4 for 7 days, to achieve a slight but more chronic degree of weight loss. Mean body weight of these animals decreased from 194+3 g to 184+2 g over the 7 days. Insulin binding increased by 35%, the Vmax of 2-deoxy-glucose uptake decreased by 20%o, and the shape of the insulin-2-deoxy-glucose uptake dose response curves demonstrated a left shift (data not shown) analogous to the data from the 24-h-fasted rats (Figs. 8 and 10 
DISCUSSION
These studies have shown that fastinig is associated with an increase in insulin binding to isolated rat adipocytes. Furithermore, fasting is associated with a progressive decrease in basal and insulin-stimulated rates of 2-deoxv-glucose uptake, and the magnitude of this decrease is closely correlated with the degree of negative caloric balance. Given these opposite effects on insulin binding and glucose transport, the relationship between insulin binding to receptors and insulin's effect on glucose metabolism is complex. This relationship is further complicated by the fact that maximal insulin effects on glucose transport and oxidation are seen when only a minority (10-18%) of insulin receptors are occupied. Thus, adipocytes have "spare" receptors, and if the effector systems are intact, then a decrease in insulin binding will lead to a rightward shift in the insulin dose-response curve (9, 30) , and an increase in binding should lead to a leftward shift.
Since the effector systems for glucose metabolism are not intact in fasting, the interpretation of the relationship between insulin binding and insulin-stimulated glucose metabolism is difficult. For (32) , fasting is associated with a greater limiting high affinity for binding, a higher average affinity (at insulin concentrations less than 25 ng/ml), and an increase in the fractional occupancy of sites needed to reach a limiting lower affinity (i.e. when negative cooperative effects are maximal). The fractional occupancy at which site-site interactions begin cannot be determnined by the current data. Thus, during fasting, insulin receptors apparently undergo a conformation change such that their affinity in the native, or high-affinity configuration, increases, and the degree of site-site interaction decreases (in the sense that a greater proportion of the receptors must be occupied to exert the maximal cooperative effect). The exact nature of this increase in binding affinity is not clear at this time, but it is possible that this represents a regulatory mechanism whereby some metabolic change during fasting leads to a change in receptor affinity.
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